Kaposi's sarcoma-associated herpesvirus (KSHV) encodes ORF57, which enhances the expression of intronless KSHV genes on multiple posttranscriptional levels. However, it remains elusive how ORF57 recognizes viral RNAs. Here, we demonstrate that ORF57 also increases the expression of the multiple intron-containing K15 gene. The nucleotide bias of the K15 cDNA revealed an unusual high AT content. Thus, we optimized the K15 cDNA by raising the frequency of GC nucleotides, yielding an ORF57-independent version. To further prove the importance of the sequence bias of ORF57-dependent RNAs, we grouped KSHV mRNAs according to their AT content and found a correlation between AT-richness and ORF57 dependency. More importantly, latent genes, which have to be expressed in the absence of ORF57, have a low AT content and are indeed ORF57 independent. The nucleotide composition of K15 resembles that of HIV gag, which cannot be expressed unless RNA export is facilitated by the HIV Rev protein. Interestingly, ORF57 can partially rescue HIV Gag expression. Thus, the KSHV target RNAs of ORF57 and HIV gag RNA may share certain motifs based on the nucleotide bias. A bioinformatic comparison between wild-type and sequenceoptimized K15 revealed a higher density for hnRNP-binding motifs in the former. We speculate that binding of particular hnRNPs to KSHV lytic transcripts is the prerequisite for ORF57 to enhance their expression.
K
aposi's sarcoma-associated herpesvirus (KSHV) is a human gammaherpesvirus that was identified in KS tissues from AIDS patients (1) . It is also associated with two lymphoproliferative disorders, the primary effusion lymphoma and the plasma cell variant of multicentric Castleman's disease. KSHVassociated malignancies are rare in immunocompetent people but more common in the context of immunosuppression, especially in HIV patients or transplant recipients. The viral life cycle is divided into a latent and a lytic phase. In contrast to other herpesviruses, tumorigenesis is also a consequence of the lytic cycle (2) (3) (4) (5) .
Herpesviruses replicate in the nucleus, and viral gene expression is dependent on the host mRNA processing and export machinery to translocate viral mRNAs to the cytoplasm for translation. Cellular bulk mRNA export takes place in a stepwise manner: during pre-mRNA splicing the exon-junction complex (EJC) is deposited 20 to 24 nucleotides upstream of every splice event. The EJC then recruits the components of the cellular mRNA export machinery (6, 7) . In the present view, the mRNA undergoes a handover mediated by protein interactions from UAP56 to ALY, a TAP-NXT adaptor protein. UAP56 copurifies with the THO/ TREX complex, a multimeric complex involved in the coupling of transcription and RNA export (8) . Finally, the TAP-NXT dimer is responsible for the interaction with the FG-containing nucleoporins and catalyzes export of the bound RNA (summarized in references 9 to 15).
On average, cellular genes contain eight introns, and only 3% of all human genes are intronless (16) , whereas in herpesviruses the majority of genes lack introns. Among the herpesviruses KSHV has the highest number of intron-containing genes (25% [17] ). It is believed that splicing leads to a more efficient recruit-ment of export factors and that intronless genes use transcriptiondependent recruitment or auxiliary RNA elements (reviewed in references 18 and 19) . Thus, to ensure the expression and stability of their intronless genes, all herpesviruses encode a viral RNA regulator protein that substitutes for the function of the EJC to recruit components of the cellular export machinery. Herpes simplex virus 1 ICP27 is the best-characterized herpesviral RNA regulator (20) . In KSHV, ORF57 fulfills this role (21) . Although the overall sequence conservation of these regulator proteins is low, they share a highly conserved ICP27 homology region (22) . ORF57 has been shown to interact with both ALY and the redundant UAP56-interacting factor to promote export (23, 24) . Besides its role in RNA export, ORF57 also has multiple other functions connected with viral RNA biogenesis. Stabilization of transcripts has been described for the long noncoding PAN RNA (polyadenylated nuclear RNA [25, 26] ), which accumulates to high levels in the nucleus during the lytic cycle but is not exported to the cytoplasm (27) . Furthermore, ORF57 may also regulate splicing (28, 29) and translation of viral RNAs (29) (30) (31) . A described interaction of ORF57 with the KSHV transcriptional activator RTA also implicates a function in viral transcription (32) . Finally, a recent publication demonstrates an involvement of ORF57 in KSHV-induced genome instability by sequestration of the transcription and export complex (TREX) (33; reviewed in reference 34).
These multiple functions of ORF57 demonstrate the importance of this protein for viral lytic gene expression. However, the mechanism for how ORF57 recognizes viral RNA and how it distinguishes between cellular and viral transcripts remains elusive. An ORF57 response element has been identified for PAN and also for viral and human interleukin-6 (35) (36) (37) . Interestingly, these response elements seem not to be present in other lytic ORF57-dependent genes. This suggests an additional mechanism for how ORF57 recognizes viral RNA. Deletion studies regarding RNA and protein binding of ORF57 yielded conflicting results. Several motifs located at the C and N termini have been implicated in recognition of RNA and protein partners (25, 38) . Furthermore, it has been shown that ORF57 lacks RNA binding in the absence of cellular extracts (38) . These data clearly indicate that a cellular protein partner is needed for ORF57 to specifically bind viral RNAs (reviewed in references 39 and 40) .
Here, we demonstrate that ORF57 also enhances RNA expression of the multiple intron-containing KSHV K15 gene. A decrease in the AT content of K15 mRNA by sequence optimization yielded an ORF57-independent expression. A bioinformatic analysis revealed a drastic decrease of sequence motifs, which bind heterologous nuclear ribonucleoproteins (hnRNPs). This may explain the ORF57-independent expression. A ranking of all KSHV lytic genes according to their AT content revealed a correlation between AT richness and ORF57 dependency. Finally, we explored the HIV gag gene as a reporter for ORF57 activity. We were able to show that ORF57 can partially rescue HIV Gag expression in the absence of the HIV export factor Rev. Moreover, ORF57 can act in a cumulative manner with a constitutive transport element, which is also recruiting Tap/NXT1. We propose that the nucleotide bias of lytic KSHV genes leads to the binding of a distinct set of RNA-binding proteins and represents the basis for ORF57 dependency.
MATERIALS AND METHODS

Plasmids.
For the K15 plasmids, either the cDNA or the genomic sequence was inserted in a pcDNA3.1(ϩ) vector (Invitrogen) using the NheI/XhoI sites. The genomic sequence was amplified from KSHV-BAC36 (41) . The synthetic K15 (GeneArt) and the chimeric constructs were cloned into pcDNA3.1 (ϩ) using the BamHI/XhoI site. The chimeric constructs were generated by overlap PCR. The FLAG-tagged ORF57c construct was generated by reverse transcription-PCR (RT-PCR) using RNA from lytic HEK293/BAC36 cells. The PCR product was used for a second PCR with primers containing the tag and appropriate restriction sites. The ORF57 cDNA was then cloned into pcDNA3.1(ϩ) using EcoRI/ XhoI sites. The pUL69 plasmid was kindly provided by T. Stamminger, University Erlangen. Hemagglutinin (HA)-tagged ORF47/synthetic ORF47 (GeneArt) and ORF8 were amplified by PCR from KSHV-BAC36. Both were cloned into pcDNA3.1(ϩ) using EcoRI/XhoI sites. The pcDNA3.1-LANA plasmid was described previously (42) . The HIV gp-RRE and gp-CTE reporter plasmids were also described previously (43) . The HIV gp construct was generated by deletion PCR. For the K15-RRE and sK15-RRE constructs, K15 cDNA and synthetic K15 (sK15) were amplified by using primers with appropriate restriction sites. The HIV gp sequence in the gp-RRE construct was then replaced using BamHI/EcoRI sites. The previously described deoptimized green fluorescent protein (GFP) (44) was kindly provided by R. Wagner (University Regensburg). UL11 plasmid (45) was kindly provided by M. Messerle (Hanover Medical School).
Primers. For the amplification of the genomic K15, we used the primers K15g fw (5=-GTCAGCTAGCATGAAGACACTCATATTCTTCTGGAATT TATGGCTTTGGGCCC-3=) and K15g rv (5=-GCTGCTCGAGCTAGTTCC TGGGAAATAAAACCTCCTC-3=). For the ORF57-FLAG construct RT-PCR primers (5=-ATGGTACAAGCAATGATAGACATGGACATTATGAA G-3= and 5=-AGAAAGTGGATAAAAGAATAAACCCTTGTTAAATTTGG CCG-3=), the ORF57c-FLAG fw (5=-CGCGAATTCATGGTACAAGCAATG ATAGACATGGACATTATGAAG-3=) and ORF57c-FLAG rev (5=-GCGCTCGAGTTACTTGTCGTCGTCGTCCTTGTAGTCAGAAAGTGG ATAAAAGAATAAACCCTTG) primers were used. For cloning of the ORF47-HA construct, the primers ORF47-HA fw (5=-GTAGAATTCATGG GGATCTTTGCGCTATTTGC-3=) and ORF47-HA rv (5=-GCGCTCGAGT CAAGCGTAATCTGGAACATCGTATGGGTACATGGTTTTTCCCTTTT GACCTGCGTGCGCTCTCCGGC-3=) were used. For cloning of the ORF8 construct, the ORF8 fw (5=-GTAGAATTCATGACTCCCAGGTCTAGATT GGC-3=) and ORF8 rv (5=-GCGCTCGAGTCAAGCGTAATCTGGAACAT CGTATGGGTACATGGTCTCCCCCGTTTCCGGACTGATGTCTAGCG-3=) primers were used. For the RRE constructs, the HIV gp fw (5=-GATCCT TAGCACTTATCTGGGACGATC-3=), HIV gp rv (5=-GATCCTTAGCACT TATCTGGGACGATC-3=), K15-RRE fw (5=-CAAGGATCCATGAAGACA CTCATATTCTTCTGG-3=), K15-RRE rv (5=-GTTGAATTCCTAGTTCCT GGGAAATAAAACC-3=), sK15-RRE fw (5=-CAAGGATCCATGAAAACCC TGATCTTTTTCTGG-3=), and sK15-RRE rv (5=-GTTGAATTCTCAGTTC CGGGGGAACAG-3=) primers were used. Chimeric constructs were generated by using the primers K15c fw (5=-CAAGGATCCATGAAGACAC TCATATTCTTCTGG-3=), sK15 fw (5=-CAAGGATCCATGAAAACCCTG ATCTTTTTCTGG-3=), K15c rv (5=-GTTCTCGAGCTAGTTCCTGGGAAA TAAAACC-3=), sK15 rv (5=-CGCTCGAGTCAGTTCCGGGGGAACAG-3=), K15c_sK15 500 rv (5=-CAGAAAGGGCAAGCTGAGAGTGAAGC TAAT TGG-3=), K15c_sK15 500 fw (5=-CAGCTTGCCCTTTCTGTACGCC TTCGC-3=), K15c_sK15 1000 rv (5=-GCCTCTGGTTAAACCACTAGGGA GAAGCATTAC-3=), K15c _sK15 1000 fw (5=-GGTTTAACCAGAGGCATT CTGACCATGATC-3=), sK15_K15c 500 rv (5=-AATGGCAAGCTCAGGGT GAAGCTGATGG-3=), sK15_K15c 1000 rv (5=-TCATTGTTAGAATGCCT CTGGTCAGG-3=), sK15_K15c 500 fw (5=-CCCTGAGCTTGCCATTCTTG TATGCATTTGC-3=), and sK15_K15c 1000 fw (5=-GGCATTCTAACAATG ATCATCTGCATCAGTAC-3=). For the K15 RT-PCR, the K15 exon 1 fw (5=-GGTGTATCACTCTTGTCTGTGT-3=) and K15 exon 8 rv (5=-CTCAT ACAGGTCGTCTGTCG-3=) primers were used. For the GAPDH premRNA RT-PCR, a GAPDH intron3 fw primer (5=-CAAGGAGAGCTCAAG GTC-3=) and a GAPDH intron4 rv primer (5=-GGGTGCGGTGGAGATCT G-3=) were used.
Cells and transfection. HEK293T cells were grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum, 1 mM sodium pyruvate, and 1% penicillin-streptomycin. The day before transfection, 5 ϫ 10 6 293T cells were seeded in a 10-cm plate. Transfections were performed using the calcium phosphate precipitation method with 5 g of K15 plus 2.5 g of ORF57, 0.5 g of enhanced GFP (eGFP) as a transfection control, and 7 g of plasmid DNA. The medium was not changed before 6 h posttransfection, and RNA and protein were harvested 40 h later. Transfections with the synthetic K15 were harvested at earlier time points (indicated in the figure legends). The HIV reporter plasmids were transfected using 1 g of the reporter plasmid 400 ng of ORF57 or 100 ng of Rev and 50 ng of eGFP. The day before transfection, 4 ϫ 10 5 293T cells were seeded and transfected using the Nanofectin transfection reagent (PAA). Protein was harvested at 40 h posttransfection. Transfection efficiency was measured by fluorescence-activated cell sorting analysis (Cytomics FC 500 flow cytometer; Beckman Coulter). For the flow cytometry analysis of the deoptimized GFP-RRE construct, the transfection efficiency was measured by cotransfection of a DsRed plasmid (data not shown), and only double-positive cells were included in the mean fluorescence intensity (MFI) analysis.
RNA preparation and analysis. RNA methods (preparation of total RNA, gel electrophoresis, blotting, and detection with a radiolabeled probe) were performed as described previously (46) . A GAPDH (glyceraldehyde-3-phosphate dehydrogenase)-specific probe was prepared by EcoRI digestion of a GAPDH plasmid (a gift from K. Habers, HeinrichPette-Institut, Hamburg). For the detection of K15 mRNA, a specific probe directed against K15 exon 8 was generated from the K15g plasmid by XbaI/BsrGI digestion. The RRE probe was generated by digestion of the HIV-gp plasmid with EcoRI/BamHI. For ORF8, LANA, and ORF47 probes, the ORF8 plasmid was digested with EcoRV/MluI, the LANA plasmid was digested with SalI/BamHI, and the ORF47 plasmid was digested with EcoRI/XhoI. For reverse transcription, 5 g of total RNA were first DNase digested with Turbo DNase (Ambion) and then purified using an RNeasy minikit (Qiagen). Then, 800 ng of RNA were reverse transcribed with a QuantiTect reverse transcription kit (Qiagen). For the final PCR, a K15 exon 1 fw primer and a K15 exon 8 rv primer were used.
RNA from BJAB cells, which were first selected to harbor a recombinant KSHV genome (47) , was subjected to reverse transcription-quantitative PCR (RT-qPCR) as described previously (48) . The cells were induced using sodium butyrate and baculovirus coding for KSHV ORF50/ RTA or the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA). The value for nonreactivated BJAB rKSHV was set to 1. Relative mRNA expression changes were calculated according to the ⌬⌬C T method.
RNA fractionation. For nuclear and cytoplasmic fractionations, HEK293T cells were harvested and washed with phosphate-buffered saline. The cells were lysed in 500 l of RNA lysis buffer (0.1% NP-40, 0.14 M NaCl, 10 mM Tris [pH 8.4], 1.5 mM MgCl 2 , 10 mM EDTA [pH 8]), and the nuclei were pelleted by centrifugation at 470 ϫ g for 5 min. The RNA from the cytoplasmic supernatant and the nuclear fraction was extracted using the RNAzol B method as described previously (46) . The fractionation was controlled by RT-PCR using GAPDH intron primers to monitor the integrity of the nuclei. As an additional control, an RT-PCR using primers detecting spliced ␤-actin mRNA was performed.
Western blotting. For the detection of K15 protein, cell pellets were incubated on ice for 10 min with RIPA-100 buffer (20 mM Tris [pH 7.5], 1 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) and then centrifuged at 16,000 rpm for 20 min to clear the lysates.
For the detection of all other proteins, the cells were lysed with 1ϫ sodium dodecyl sulfate (SDS) protein lysis buffer (62.5 mM Tris-HCl [pH 6.8], 2% [wt/vol] SDS, 10% glycerol, 50 mM dithiothreitol, 0.01% [wt/ vol] bromophenol blue) and boiled for 5 min. Lysates were analyzed by immunoblotting. K15 protein was detected with a rabbit polyclonal anti-K15 antibody in a 1:1,000 dilution (49) or rat antibody directed against the cytoplasmic tail of K15 (provided by E. Kremmer, Heimholz Center, Munich). HIV capsid (p24) was detected with a rabbit anti-p24 HIV antibody in a 1:5,000 dilution (kindly provided by H.-G. Kräusslich, University Heidelberg). ␤-Actin was detected with a mouse monoclonal anti-␤-actin antibody in a 1:1,000 dilution (Sigma-Aldrich). HA-tagged proteins were detected with rat monoclonal anti-HA 3F10 in a 1:2,000 dilution (Roche). LANA (ORF73) was detected with a rat monoclonal anti-LANA antibody in a 1:2,000 dilution (ABI). V5-tagged UL11 was detected by a rabbit anti-V5 antibody in a 1:5,000 dilution (Invitrogen). FLAG-tagged ORF57 was detected by a rabbit polyclonal anti-FLAG antibody in a 1:2,000 dilution (Sigma). Detection was carried out by using a standard enhanced chemiluminescence reaction or with the Odyssey infrared imaging system.
Prediction of motifs for RNA-binding proteins. Motifs were predicted using the RBPmap webserver (http://rbpmap.technion.ac.il/) employing the high-stringency option with no conservation filtering. Motifs for SR (serine-arginine-rich) proteins and hnRNPs were extracted from the RBPmap database, including only validated motifs (50) . In order to remove bias due to the repetitive nature of many of the motifs, overlapping predicted motifs were clustered together. Each motif cluster was counted as a single motif and the coordinates of the center of the cluster were considered for further analysis. The RNA-binding proteins CUG-BP and TIA1 were not included due to their high context dependency with respect to intronic or exonic binding sites.
RESULTS
RNA expression of the multiple spliced K15 gene is enhanced by ORF57.
The viral K15 gene mirrors cellular genes in the number of introns. Thus, we set out to determine whether K15 expression requires the viral posttranscriptional activator ORF57. Remarkably, K15 contains seven introns compared to the other mostly intronless or one-intron-containing KHSV genes (Fig. 1A) . These introns are characterized by their small size (ϳ100 nucleotides [nt] ) and weak splice sites, on average. Due to the observation that K15 expression vectors only lead to a relatively weak expression (51), we first generated new K15 expression constructs. In these constructs, either the K15 cDNA (pc3.K15c) or the genomic version of K15 (pc3.K15g) containing all seven introns was placed under the control of the cytomegalovirus (CMV) immediate-early promoter and the bovine growth hormone polyadenylation site (Fig. 1B) . K15 expression was monitored in cotransfection experiments with ORF57. We observed a strong effect of ORF57 on K15 RNA expression (Fig. 1C) . The cotransfection of ORF57 led to a Ͼ30-fold enhancement of K15 mRNA expression for the K15 cDNA and an almost 5-fold for the genomic construct, respectively (Fig. 1C ). K15 protein is barely detectable in the absence of ORF57 for the cDNA construct (Fig. 1D, lane 3) . However, the cotransfection of ORF57 strongly enhanced K15 expression (Fig.  1D, lane 4) . Surprisingly, the RNA level of the genomic K15 construct increases, while a weak K15 protein expression could only be detected after longer exposure times (Fig. 1D , right inset). To gain more insights into this expression block, we performed RTPCRs using total RNA from the cotransfection experiments. The main RNA species for the genomic K15 construct is the unspliced mRNA and only a minor fraction is completely spliced K15 mRNA (Fig. 1E ). This mirrors the results from the Northern blot where we also observed poor splicing of the genomic construct (Fig. 1C, lane 2) . Also, in the context of B cells harboring a recombinant KSHV (47) , induction of the lytic cycle by TPA leads to a mixture of spliced and unspliced K15 variants (Fig. 1F, lane 7) . In B cells, K15 is also detectable in the latent state (Fig. 1F, lane 3) . (C) Northern blot analysis of total RNA from the indicated cotransfection experiments. The 32 P-labeled probe is directed against K15 exon 8. As a loading control, the blot was rehybridized with a GAPDH specific probe. On the left, a size marker in kilobases is indicated, and the RNA species are marked on the right. The Northern blots were quantified by phosphorimager analysis. The K15 signal was normalized to the GAPDH loading control. The expression of K15c without ORF57 was set to 1. Quantifications and standard deviations represent three independent experiments. (D) Western blot with protein extracts from the indicated cotransfections. Detection was performed with a K15 antibody raised against epitopes encoded in exon 8. Actin served as a loading control. The lysates were also used to detect ORF57-FLAG with an anti-FLAG antibody. A size marker in kilodaltons is indicated on the left, and the K15-and ORF57-specific band is indicated on the right. The inset on the right shows weak K15 expression after longer exposure times from the genomic constructs. (E) RNA from the indicated cotransfections was analyzed by RT-PCR. The primers bind in K15 exon 1 and exon 8, illustrated by arrows. The addition of the RT enzyme is depicted. A DNA size marker is shown on the left. u, unspliced; s, completely spliced. (F) BJAB cells harboring a recombinant KSHV genome were reactivated as indicated. The RNA was analyzed as in panel E. (G) The RNA from panel F was subjected to RT-qPCR by using a K15-specific probe. The value for nonreactivated BJAB rKSHV was set to 1. n.d., not detected. However, mRNA quantification by RT-qPCR proved that only reactivation by TPA results in significant levels of K15 RNA (Fig.  1G) . In sum, the large amount of unspliced K15 RNA explains the low K15 protein expression from the genomic construct. More importantly, these results show that also the multiply spliced K15 gene is ORF57 dependent. In addition, we could confirm that a target for ORF57 must be present in the cDNA of K15.
K15 sequence optimization leads to an ORF57-independent expression. Since the target preference for ORF57 must at least partially be present in the cDNA of K15, we examined the cDNA sequence and noted a high AT content. Therefore, we wondered whether this nucleotide bias might confer ORF57 dependency. To test this hypothesis, we optimized the K15 cDNA sequence ( Fig.  2A) by raising the GC content without changing the amino acid sequence (K15 cDNA, 43.1% GC content; sK15, 62.7% GC content). The optimization led to 27% nucleotide changes.
Transient transfections now show an ORF57-independent expression of the synthetic K15 construct compared to wild-type K15 (Fig. 2B, lanes 2 and 4) . The synthetic version is even expressed at higher levels than wild-type K15 cDNA plus ORF57, as shown by serial dilutions (Fig. 2B, compare lanes 3, 5, and 6 ). Thus, raising the GC content in the K15 coding sequence leads to ORF57-independent expression, suggesting that the high AT content of K15 cDNA might confer ORF57 dependency.
We also tested different chimeric constructs. In the sK15 500 construct, the first 500 nt (roughly one-third) of the K15 cDNA were replaced with the synthetic sequence (Fig. 2C) . This leads to a partial ORF57 independent expression (Fig. 2D,  lane 3) , which can be still enhanced by cotransfection of ORF57 (Fig. 2D, lane 4) . In contrast, exchanging the first 1,000 nt to the synthetic sequence confers complete ORF57-independent expression (Fig. 2D, lanes 7 and 8) . Therefore, the greater the segment of synthetic sequence, the more K15 expression becomes ORF57 independent. Interestingly, exchanging the same segments at the 3= end of K15 cDNA affected ORF57 dependency to a lesser extent (Fig. 2E and F) .
We further performed a bioinformatic analysis predicting motifs of RNA-binding proteins in the K15 wild-type and the synthetic sequence (Fig. 2G) . The binding motifs for 20 known RNAbinding proteins were predicted using RBPmap (50) . As shown in Fig. 2H , the number of motifs for RNA-binding proteins from the hnRNP family was significantly lower in the synthetic K15 sequence compared to the wild type. Notably, the number of predicted hnRNP binding motifs in the synthetic K15 was similar to the number of motifs for SR proteins (Fig. 2G and see Table S1 in the supplemental material). By looking at the motif distribution for individual hnRNPs we observed specific changes and not a general reduction (see Table S1 in the supplemental material). For example, the strongest reduction of hnRNP motifs is observed for hnRNPs A and AB, while others, such as hnRNP C, nearly stays constant. The putative binding sites for hnRNP K even increased (see Table S1 in the supplemental material). These results strengthen the hypothesis that the optimization of the K15 cDNA and the underlying nucleotide substitutions changed the potential for recruiting RNA-binding proteins and as a consequence may alleviate the necessity for ORF57.
ORF57 overcomes the detrimental sequence bias of other KSHV lytic genes. To explore whether the ORF57 dependence of lytic genes is also related to their sequence bias, we grouped the KSHV cDNAs according to their AT content (see Table S2 in the supplemental material). However, several KSHV mRNAs are polycistronic and share polyadenylation sites. We extracted only the protein coding regions from all mRNAs and did not differentiate between the nucleotide bias in the ORFs and the untranslated regions (UTRs). According to this ranking, K15 displays the third highest AT content in the KSHV genome. Based on our hypothesis, we chose another gene exhibiting a high AT content: ORF47. In a manner similar to that for K15, we also optimized the sequence for ORF47 by raising the GC content (pc3.sORF47; Fig. 3A) . When we transfected the ORF47 wild-type cDNA, we were unable to detect ORF47 RNA and protein in the absence of ORF57 (Fig. 3B, lane 1, and E) or UL69, the RNA regulator from human cytomegalovirus (HCMV; see also below). However, cotransfection of either RNA regulator rescued ORF47 RNA and protein expression (Fig. 3B, lanes 2 and 3, and 4E ). In contrast, the optimized version of ORF47 is ORF57 independent as observed for K15 (Fig. 3B, lane 4) . In addition, ORF47, like K15, displays a similar ratio of predicted hnRNP and SR-protein motifs comparing the wild type and the optimized sequences (see Table S1 in the supplemental material). We further tested ORF8, a gene with an average AT content, which was previously described to be ORF57 independent in the context of the closely related rhesus monkey rhadinovirus (RRV) (52) . Expression analysis revealed that KSHV ORF8 expression is both ORF57 and pUL69 dependent (Fig. 3C and F ) in contrast to RRV ORF8. A sequence comparison reveals a lower AT content for RRV ORF8 (42.6%) than for the KSHV homologue (46.9%). In addition, an RBPmap analysis performed as in Fig. 2 displayed nearly four times more SR protein than hnRNP motifs in RRV ORF8 compared to 1.6-fold more hnRNP binding sites in KSHV ORF8 (data not shown and Table S1 in the supplemental material).
Importantly, LANA (or ORF73) a latent gene with low AT content is indeed ORF57 independent (see Fig. 3D and G). Taken together, these experiments show that ORF57 could overcome the detrimental sequence bias of KSHV lytic genes, whereas latent genes or genes with a low AT content are ORF57 independent.
ORF57 stabilizes KSHV RNAs in the nucleus. As illustrated in Fig. 1 coexpression of ORF57 results in elevated levels of K15 RNA. Since the optimized version of K15 and ORF47 (Fig. 3) are ORF57 independent, we wondered whether increased RNA levels are responsible. In addition, total RNA was used in Fig. 1 , which fails to distinguish between enhanced RNA stability or increased RNA export by ORF57. We picked K15 and ORF47 and their respective synthetic counterparts and performed RNA fractionation after transient transfection. Figure 4B reveals that ORF57 leads to a massive accumulation of K15 mRNA in the nucleus (Fig.  4B, lane 4) . In the cytoplasmic fraction K15 is only detectable in the presence of ORF57 (Fig. 4B, lane 2) . Thus, ORF57 enhances K15 mRNA stability in the nucleus and to a lesser extent induces export of K15 RNA. For the synthetic K15 construct, both fractions show large amounts of K15 mRNA irrespective of ORF57 cotransfection (Fig. 4B, right panel) . Thus, the sequence optimization accounts for higher levels of K15 RNA in the nucleus and an efficient RNA export. ORF47 and its synthetic version behaved identical (Fig. 4D) . Without ORF57, only traces of ORF47 RNA could be detected in the nucleus. In contrast, the optimized ORF47 is present in both the nuclear and the cytoplasmic fractions in the absence of ORF57 (Fig. 4D, lanes 5 and 7) . The quality of the Table S1 in the supplemental material).
fractionation was controlled by semiquantitative RT-PCR of GAPDH pre-mRNA ( Fig. 4E and F, upper panels) and for spliced ␤-actin mRNA ( Fig. 4E and F, lower panels). K15 expression is enhanced by the betaherpesviral homologue of ORF57. All members of the herpesvirus family encode a posttranscriptional activator of viral gene expression (53). Since we found no discrete response element within the K15 cDNA as reported for the noncoding PAN RNA, but rather a certain sequence bias illustrated by the high AT content that elicits ORF57 dependency, we wondered whether such a mechanism is conserved among other herpesviral ORF57 homologues. We chose UL69 from HCMV, which belongs to the subfamily of betaherpesviruses. UL69 is able to enhance K15 expression to a greater extent than ORF57 (Fig. 5A, lane 3, and bottom panel) . However, this may be due to higher expression levels of UL69 (Fig. 5, middle   panel) . At the RNA level, both UL69 and ORF57 enhanced K15 expression (data not shown). Since UL69 increases expression of a KSHV gene, we sought to determine whether ORF57 can also boost expression of an HCMV gene. We searched for an AT-rich gene from the otherwise GC-rich HCMV genome and picked UL11. Here, only UL69 leads to detectable UL11 protein expression in contrast to K15 (Fig. 5B ). An analysis using RBPmap revealed that the number of hnRNP and SR protein motifs in UL11 is similar to that for K15 (data not shown). This indicates that there are additional features, which lead to UL11 expression in the presence of UL69, but not by cotransfection of ORF57.
ORF57 partially rescues HIV Gag expression. Interestingly, HIV gag and KSHV K15 share some striking similarities. They have a comparable lengths (K15 cDNA, 1,470 bp; HIV gag, 1,540 bp) and an almost identical AT content (K15 cDNA, 57%; HIV Northern blot analysis of total RNA from the ORF8 cotransfection experiment. The 32 P-labeled probe is directed against the ORF8 cDNA. As a loading control, the blot was rehybridized with a GAPDH-specific probe. (G) Northern blot analysis from the cotransfection experiment with ORF57 or pUL69 and LANA. The 32 P-labeled probe is directed against LANA. A GAPDH probe served as a loading control.
gag, 56%). For both genes, sequence optimization leads to a comparable reduction in the AT content (sK15, 38%; synHIV gag, 34%) and to expression in the absence of their respective transactivators (54) .
Based on these analogies and previous findings, we decided to test an HIV reporter plasmid (HIV gp-RRE [43] ) containing the HIV 5=UTR and the gag/protease gene driven by the CMV promoter. The Rev responsive element (RRE) has been inserted in the 3=UTR (Fig. 6A) . In this construct, Gag expression is strictly Rev dependent (Fig. 6B, lanes 1 and 2) . Surprisingly, the cotransfection of ORF57 could partially rescue Gag expression (Fig. 6B,  compare lanes 1 and 3) . One reason for the incomplete rescue of HIV Gag expression could be the usage of a different export pathway by ORF57. Whereas Rev directs the HIV RNA via its nuclear export sequence into the CRM-1 (exportin-1) export pathway, ORF57 facilitates translocation of KSHV RNAs by recruiting the bulk mRNA export factor Tap (23, 55) . This resembles the mode of action of the constitutive transport element (CTE) of a simple retrovirus (56) . A CTE can also partially rescue Gag expression when incorporated into the Gag reporter plasmid instead of the RRE (Fig. 6A and B, lane 4) . When we cotransfected the gp-CTE construct with ORF57, Gag expression is further enhanced arguing for an additive effect of ORF57 and the CTE (Fig. 6B, lane 5) . To exclude that the effect of ORF57 on HIV Gag is dependent on the presence of the RRE, we cotransfected ORF57 with an RREdeleted HIV-gp construct (Fig. 6A ) and still observed a partial rescue of HIV Gag expression (Fig. 6B, lanes 6 and 7) .
We also assessed the effect of Rev and ORF57 on HIV gag RNA. The cotransfection of plasmids encoding Rev or ORF57 led to enhanced levels of unspliced gag RNA (Fig. 6C) . Interestingly, ORF57 shifts the ratio between unspliced and spliced HIV RNAs toward the spliced RNA (Fig. 6C, compare lanes 2 and 3) . Since Rev is recruited cotranscriptionally to the HIV-RNA and may induce rapid export before completion of the splicing reaction (57), we speculate that ORF57 is recruited posttranscriptionally and give the weak HIV 3=splice sites (SS) in our construct more time to splice. We also tried to rescue Gag expression in the context of an integrated HIV provirus. Here, transfection of ORF57 did not lead to a partial rescue of Gag expression (data not shown). A similar effect has been described for the CTE, which has only a weak effect when inserted into an HIV provirus (58) .
In addition, we tested homologous constructs wherein HIV gag is replaced by either K15 or the synthetic version of K15 (sK15) (Fig. 6A) . In this context, K15 is Rev dependent (Fig. 6D, lane 2) .
Interestingly, the effect of ORF57 on K15 expression is stronger compared to Rev (Fig. 6D, lanes 2 and 3) . The reverse effect was observed for HIV Gag (Fig. 6B) . This result confirms that the sequences of HIV gag and K15 share some features but are distinct in others. In addition, we performed a similar motif prediction for RNA-binding proteins (compare to Fig. 2E and F ; see also Table S1 in the supplemental material) for HIV gag and its synthetic counterpart (59) . Overall, a strong decrease in hnRNP motifs and a moderate increase in SR protein motifs can be observed. However, the numbers of motifs for certain proteins differ between K15 and HIV gag (see Table S1 in the supplemental material). As expected, the sK15-RRE construct is ORF57 and Rev independent due to its optimized sequence (Fig. 6D, lanes 4 to 6) .
An adaptation of the humanized eGFP sequence to the HIV codon bias is sufficient to make the GFP expression Rev dependent (44) . Based on this study and our hypothesis that the unusual high AT content might confer ORF57 dependency and in conjunction with the RBPmap analysis of both GFP variants (see Table S1 in the supplemental material), we tested a deoptimized GFP placed into the RRE construct (Fig. 6A) . The expression of the deoptimized GFP was highly Rev dependent ( Fig. 6E ) in our flow cytometry analysis. The coexpression of ORF57 also resulted in a significant enhancement of deoptimized GFP expression (Fig.  6E) . In summary, ORF57 allows for HIV Gag and deoptimized GFP expression and displayed a cumulative effect with a CTE. This further confirms our hypothesis that a distinct nucleotides bias leads to ORF57 dependency.
DISCUSSION
In this study, we addressed the question of how ORF57 is able to recognize and favor viral RNAs over cellular mRNAs. Interestingly, ORF57 harbors only a weak binding affinity for nucleic acids (38) . This argues for one or more cellular cofactors, which at least make partial contact with the viral RNAs (38, 39) . However, it remains to be shown how this complex recognizes its targets. Does it occur via a conserved sequence motif or based on other features, which by prediction all viral RNAs should have in common? Data have been published in favor for the first scenario, since an ORF57 response element (ORE) was identified within the long noncoding PAN RNA and viral interleukin-6 (35) . These response elements share little sequence similarity, but both are predicted to fold into stem-loop structures containing a core tetranucleotide loop. However, the mechanism for viral interleukin-6 seems to be a special case. Here, ORF57 interacts with a miRNA binding site and thus prevents degradation and translational repression of viral and also human interleukin-6 (35-37). However, the reported elements are not present in other ORF57-dependent lytic genes (data not shown). This suggests an additional mechanism how ORF57 recognizes viral RNAs. We show that the high AT content of KSHV lytic genes is the basis for ORF57 dependency. The observation that cotransfection of ORF57 with a genomic or cDNA construct of the multiply spliced K15 gene enhances its expression demonstrates that the target preference for ORF57 must be present in the cDNA of its target genes (Fig. 1) . However, the genomic construct revealed RNA expression, albeit more weakly, in the absence of ORF57 (Fig. 1C, lane1 ). This finding suggests that the K15 introns might have a stabilizing effect. In addition, K15 RNA from the genomic construct is poorly spliced, but nevertheless stabilized by ORF57, indicating that the effect of ORF57 is splicing independent. In general, K15 expression in the viral life cycle is low and increases after induction of the lytic cycle ( Fig. 1F) (51, 60) . Our data argue that inefficient splicing accounts for this expression block ( Fig. 1E and F) , which might be important to maintain latency. Poor splicing of K15 pre-mRNA might be due to the unusually small size of the introns and their weak splice sites. However, splicing does not lead to ORF57-independent expression ( Fig. 1D and C) . Importantly, it has also been shown in a previous study on ORF57 from rhesus monkey rhadinovirus (RRV) that insertion of a beta-globin intron in ORF57-dependent genes does not rescue their weak expression (61) . Thus, the detrimental sequence bias of K15 is a dominant feature and requires ORF57 for efficient expression. This was further confirmed by the construction of an ORF57-independent synthetic K15 cDNA ( Fig.  2A and B) . A similar sequence optimization was performed for the RRV glycoproteins, which also show a high dependency for RRV ORF57 (52) . We also tested chimeric constructs and observed that substitutions of nucleotides from the 5= end leads to more ORF57 independency compared to synthetic parts in the 3= end (Fig. 2C , D, and F). The same has been observed in the HIV gag gene, where gradual mutation of instability elements from the 5= end lead to nuclear RNA export that is independent of the HIV export factor Rev (62) . A possible explanation for this polarity is the cotranscriptional formation of stable export competent HIV mRNPs (63) . In addition, ORF57 still enhanced K15 expression from the chimeric constructs showing that the effect of ORF57 is cumulative and does not dependent on a single response element. If the assumption is correct that there is no single response element for ORF57 in the majority of KSHV lytic genes, the distinct nucleotide bias may constitute several motifs for RNA-binding proteins. It was previously shown for HIV gag that improvement of expression after sequence optimization is not a consequence of enhanced translation or tRNA availability (64) . Thus, we hypothesize that the unbiased increase in the GC content leads to a change in the distribution and density of motifs for RNA-binding proteins along the transcript. Indeed, a bioinformatic comparison between wild-type and synthetic K15 revealed a different frequency of predicted motifs for certain RNA-binding proteins. As expected, based on the higher GC content in the synthetic K15, the number of predicted motifs for hnRNPs is significantly reduced. Although we cannot narrow down a role for individual hnRNPs, the overall density of predicted hnRNP motifs suggests that this is a critical feature conferring ORF57 dependency (Fig. 2H) . The same could be observed for ORF47, HIV gag and deoptimized GFP (see Table  S1 in the supplemental material). If the sequence bias and the resulting frequency and distribution of RBP/hnRNP motifs are critical determinants of ORF57 dependency, it should be conserved in other lytic genes of KSHV. Indeed, we found a correlation between AT content and ORF57 dependency (Fig. 3) . Interestingly, RRV gB (ORF8) is expressed in the absence of ORF57 (52) , in contrast to our findings on KSHV ORF8 (Fig. 3C) . However, RRV ORF8 displays more SR protein binding motifs than KSHV ORF8, presumably resulting in its ORF57-independent expression. In addition, RRV ORF8 exhibits a low AT content as the KSHV counterpart (data not shown). Within this line another study observed a potential interaction of ORF57 with the mRNA encoding chloramphenicol transferase (CAT) (21) . Interestingly, the CAT mRNA also exhibits an ATrich nucleotide bias. These observations further support our hypothesis that ORF57 overcomes the detrimental nucleotide bias of KSHV lytic genes.
Additional support in favor for this hypothesis is the partial rescue of HIV Gag expression by ORF57 (Fig. 6B and C) . A direct comparison with the effect of the CTE on HIV Gag expression allows us to speculate that the partial rescue is a consequence of the export route. ORF57 and CTE use the Tap/NXT1 export pathway in contrast to Rev which binds to CRM-1. Interestingly, ORF57 and a CTE can display a cumulative effect. This resembles the observation that the presence of multiple CTE copies can completely restore Gag expression (65) . Thus, Gag expression may directly correlate with the number of bound Tap/NXT1 complexes. Our finding that ORF57 can partially rescue HIV gag expression does not agree with a previous publication (53) . In this study, a chimeric construct consisting of HIV gag and KSHV ORF59 (a reported target of ORF57) displayed no effect of ORF57. However, in our experimental setting we directly compared the effect of ORF57 on HIV gag with the effect of HIV Rev or the CTE (Fig. 6) .
By using a deoptimized GFP construct, we provide further evidence that the nucleotide bias of the respective mRNA is the key feature of ORF57 dependency (Fig. 6E) . From a viral perspective, this nucleotide bias is an advantage if the latent state is the rule and not the exception (5, 66) . Accidental transcription of lytic genes does not lead to protein expression and presentation of antigens. The same has been proposed also for HIV (67) . Background gag RNA expression is confined to the nucleus due to a combination of unused splice sites and an unfavorable nucleotide bias (59, 62, 68; J. Bohne et al., unpublished data).
Based on these experimental data and our bioinformatic analysis, we speculate that ORF57 binds viral RNAs in complex with a cellular hnRNP, which in turn confers the sequence preference due to common nucleotide bias of all lytic genes. Indeed, the interaction of ORF57 with hnRNP E1 and K has been reported previously (69, 70) . Unfortunately, a consensus motif for hnRNP E was not available. Interestingly, the number of predicted hnRNP K motifs is slightly increased in all optimized genes analyzed (see Table S1 in the supplemental material). However, this does not exclude hnRNP K as potential interaction partner of ORF57, since four copies of the CTE completely rescued HIV Gag expression (65) and a comparable number of binding motifs could be sufficient for the ORF57 interacting partner. This includes the possibility that ORF57 might also be targeted to the synthetic sequences, but the positive effect might be masked due to the overall favorable mRNP composition. This mRNP signature is also responsible for an ORF57-independent increase in nuclear and cytoplasmic RNA levels for the synthetic versions ( Fig. 4B and D) . However, nuclear stabilization of the wild-type K15 and ORF47 RNAs is the main phenotype of ORF57, as described for the PAN RNA (25, 26) . Interestingly, the protein levels for K15 and sK15 did not differ as much as the RNA levels ( Fig. 2D and Fig. 4B ). This suggests that ORF57 also influences translation efficiency of KSHV RNAs, as previously described (30) . In turn, the data also demonstrate that enhanced expression after sequence optimization is not a consequence of elevated translation due to altered codon usage (Fig. 4B and D) . With this strategy, KSHV accepts or even intends that the expression of cellular RNAs with a comparable sequence bias may also be increased upon production of ORF57 during the lytic replication cycle.
